Abstract: This paper suggests a new near-infrared (NIR)-based device to accurately measure the concentration of solid contaminants passing through gas-oil pipelines. It consists of a ring of NIR sources and receivers, which are evenly distributed across a cross section of the probe and connected to sources of lights and NIR spectrometers through multimode optical fibers. This allows a more accurate measurement of solid contaminants by capturing NIR light from the maximum volume in the probe, in addition to allowing image reconstruction of solid contaminants using image tomography techniques. The extracted data are processed by the principal component analysis, in order to keep only the most representative data of the spectrum. Extensive experimental results on non-diluted solid contaminants, the weight of which ranged from 0.212 to 0.717 g, demonstrate the capability of the device to measure the concentration of solid contaminants at submilligram scale, in addition to dealing with sand particles when they coexist with solid contaminants. A finite-element model is also provided in this paper to predict the behavior of the probe for different scenarios of the process. The corresponding simulation results indicate some overlaps with the experimental results.
Introduction
In recent years, we have noticed an increase in the trend for the effectual removal of solid contaminants from a gas transmission system. Solid contaminants are a typical detriment to gas transmission pipelines. They can collect in gas pipelines, leading to flow loss and premature failure of compressors, instruments, and other equipment. They are also well known for being malignant to pipeline equipages for causing operation and maintenance issues. Understanding the physical properties of these contaminants and their nature is necessary for pipeline operators in order to consider the appropriate separation technology, as well as to assess the possible root causes of its formation, which is still unknown. They can be formed due to flash rust from hydro set water corrosion, internal pipe corrosion that includes Hydrogen Sulphide reaction with steel, and microbial-induced corrosion [1] , [12] . From many chemical studies it has been found that these contaminants mainly consist of a mixture of iron oxides and iron sulphides having particle size usually in the sub-micron range and result in many operational and maintenance issues in pipelines. One of the properties of these solid contaminants is that they are harder than the carbon steel used in making the pipelines and therefore it poses a threat in eroding the pipeline and the components used in the pipeline [1] . In order to mitigate their propagation in the pipelines, various separation technologies using nanoscale filters, cyclone separators, or pigs were investigated [2] . However, these techniques require cumbersome and expensive equipment and may not be effective in long-term periods as the particle size of the solid contaminants varies with time. In addition, the particles are usually of sub-micron level allowing them to easily shear and sweep through separation devices and filters and agglomerate into large masses [3] . Previous studies have focused on laboratory study using NIR-Medium Infra Red (MIR) analyzing machines by first measuring the samples of diluted solid contaminants (e.g., wet black powder) at different range of wavelengths within infrared (IR) range by standard analytical procedures and then using the results as reference values for establishing the calibration model based on multivariate calibration using the Principal Component Regression (PCR) and the Partial Least Squares Regression (PLSR) chemometric algorithms [5] . Experimental results indicate the capability of the device to discriminate between different quantities of black powder. Spectroscopy was also used in several industrial applications, including 3-D shape reconstruction of microlens [9] , robust precision position detection [10] , and detection and diagnosis of incipient faults in heavy-duty diesel engines [11] , [13] .
In this paper, a new NIR probe for measuring in real-time the amount of solid particles passing through a gas pipeline is presented. The probe consists of a ring of NIR sources and detectors which are enabled either simultaneously or in a time multiplexed manner. Compared to the previous studies [5] , this paper provides the performance on the actual probe which has been also tested on actual solid contaminants, without diluting them into liquid solution. This has the advantage to keep the physical and chemical properties of the solid contaminants (which may not be the case of the study conducted in [5] ). In addition, further experiments were conducted on solid contaminants, mixed with sand, a scenario which typical occurs in desert-based gas fields. Also, in this paper a principal component analysis (PCA) was performed on the collected samples, instead of PCR and PLSR techniques, which has the advantage of substantially reducing the information of the captured information. The paper also suggests a suitable experimental setup for measuring solid contaminants at sub-mg scale, which is not possible to achieve using flow loops. This latest consists of a mechanical solid conveyor which comprises two parallel belts driven by a DC motor which is speed controlled. The other originality of the paper is to conduct extensive numerical simulations using finite element methods-based tools. The results indicate a good match between the practical experiments and the simulations.
Experimental results indicate that the probe can accurately measure the solid contaminants concentration at sub-mg scale. In addition, a PCA analysis of solid particles contaminated with sand using two principal components show an upward-right shift of the samples in the PCA graph. This can be explored to discriminate the sand from the other solid particles. Fig. 1 shows the overall hardware architecture of the suggested device. It consists of a set of NIR light sources and receivers evenly distributed across a section of a flanged probe to be inserted in the gas pipeline and attached to the pipeline through robust sapphire window to protect them from eventual contaminations and allow the device to operate at relatively high pressure, in addition to let the received NIR light well converging towards the NIR sources. The set of NIR receivers are connected to the NIR spectrometer through a bundle multimode optical fiber attributing an intrinsically safety feature to the device. Similarly, the set of NIR sources are connected to a NIR source light through another bundle multimode optical fiber to simultaneously emit the NIR light into the target measurement area. Under this configuration, both the transmit-through and refracted NIR lights can be measured. Fig. 2 shows a photograph of the device together with the accompanying experimental setup. This latest consists of a mechanical solid conveyor which comprises two parallel belts driven by a DC motor which is speed controlled. A gap of air between the two belts lets the NIR beam to go through the solid contaminants. This experimental setup allows a precise assessment of flowing solid contaminants at sub-mg scale, which is not possible to achieve using single phase flow loops.
Hardware Overview
The NIR probe consists of 4-in stainless steel flanged pipeline on which eight adapters holding four NIR sources and four NIR detectors are evenly welded across a cross section Fig. 3 , a demultiplexer device is used between the sources of light and the light source in order to emit the NIR light in a time multiplexed manner allowing a 2-D image reconstruction of the target cross section area of the probe using image tomography techniques. The demultiplexer consists of one input optical fiber, 2 n output optical fibers which are connected to the probe, and n control signals to select exclusively one channel output to carry the signal of the input fiber (in our case n ¼ 8). This arrangement allows a more accurate measurement of the concentration of solid particles within the probe. A more refined image reconstruction can be performed by adding a multiplexer between the light sources and the NIR spectrometer (see Fig. 4 ) by allowing the capture of NIR received signals in a time multiplexed manner.
As was previously mentioned, the suggested device can operate in both transmission mode and diffuse-reflectance modes.
Transmission Mode
When one side of the pipeline is illuminated, and the intensity of the light that exits from the solid contaminants in the oppose side is measured, the analyzer analyzes the correlation between the projected light intensity and the received light intensity to determine the absorption according to
where A is the absorbance, I 0 is the projected light, and I 1 is the detected light. In order to increase the accuracy of the measurement the number of emitting and receiving probes can be increased, having a homogenous distribution of the solid contaminants helps to relax this constraint. Hence, flow uniformity can be easily obtained by properly designing the pipeline preceding the probes (e.g., T-blender). This approach is commonly considered in flow measurement instrumentation.
Diffuse-Reflectance Mode
In this technique asymmetrical shaped materials and powders especially iron oxides and oxyhydroxides are measured [8] . It relies on the basic concept that when the light beam enters the pipe, some of its energy is reflected off the surface of solid contaminant particles while some of its energy is transmitted through the particle. The light energy reflecting off the surface of the particle is usually lost while the beam that passes through the particle is either reflected off the next particle or transmitted through the next particle. This event of transmission-reflectance happens many times in the device which increases the path length of the reflected beam [7] .
A virtual light source is created by reflection when light hits a diffuse surface. Radiance, which is defined as the flux density per unit solid angle, is used to best describe the light originating from the surface. Radiance is used to indicate the amount of flux that is collected by the detector viewing the illuminated surface. The following equation represents the radiance, L, of a diffuse surface for an input flux:
To derive the radiance (L) of an internally illuminated reflective loop, the radiance equation must consider the multiple surface reflections as well as the losses through port openings for the transmitters and detectors. Consider a reflective loop with a transmitter port area A i and one detector port area A e . When the first beam hits the first spot in the reflective loop, the input flux is perfectly diffused by the first reflection. The quantity of flux incident on the entire reflective loop surface is ' where A s is the surface area of the entire loop and the quantity in parenthesis represents the fraction of flux received by the loop's surface that is unconsumed by the two port openings, which can be written as ð1 À f Þ where f represents the port fraction ðA i þ A e Þ=A s . Consequently, the total flux incident after n reflections over the entire circle surface is
Equation (4) shows that the total flux incident on the loop surface is greater than the input flux because of the multiple reflections within the circle boundaries. Accordingly, the circle surface radiance is
Equation (5) represents the detected light, which is used in (1) to deduce the absorbance required for the quantitative analysis of solid contaminants. Equation (5) is used to predict the loop radiance for a given input flux as a function of circle diameter, reflectance, and port fraction. Maximum radiance is expected to be detected by the detector when there is no solid contaminant in the system. Radiance fluctuates as solid contaminants quantity fluctuates in the illuminated area. Accordingly, a quantitative analysis of the solid contaminants can be obtained.
Algorithm Overall Structure
Fig . 5 shows the overall flow chart of the algorithm. First, a proper design of samples is required for an adequate compilation of the database. This latest shall contain the most important features of the samples using some regression techniques. 
Calibration and Validation of Samples
First, the numbers of samples also called training sets are chosen to conduct calibration and design the model and then validation of samples is done to validate the model designed and evaluate the calibration performance.
Draw Plan of Samples
In order to have the quality in the calibration step, it is important to choose the training sets used to generate it i.e. it should contain all the unknowns that the calibration should analyze. Since the model to be designed for the calibration is based on statistics techniques, the training set should be a statistically valid sample of the population including all unknown samples for the application.
Prevention of Extrapolation
To prevent extrapolation, the concentrations of the solid particles in the calibration samples should span the full range of concentrations that will exist in the unknowns. Since only one component is considered in the experiments, the samples design is not complicated and only requires to vary the concentration of the solid contaminants samples stepwise in order to span the full range of the specified concentrations. However, if more than one component exists in the samples, more attention should be paid for the design of the samples.
Determination of the Concentration Parameters

Compiling the C Matrix
In order to produce a model that predicts different concentration values of solid contaminants in gas pipeline, the target parameter should be determined and the first step is to create the concentration matrix, which will be used later to predict the concentration values. The data set concentration values are used to form the concentration matrix. For m components and n samples the concentration matrix can be complied as a (n Â m) matrix. In this work solid contaminants was considered as a single component and 26 samples of it were taken. Hence, the concentration matrix formed is (26 Â 1) matrix.
Compiling the A Matrix
On performing the NIR spectroscopy the absorbance matrix formed represents the spectral data and each spectrum is represented as a column vector. For p wavelengths and n samples, the absorbance matrix (A) can be assembled as (n Â p) matrix. Therefore, for this work, the absorbance matrix for the NIR spectroscopy was assembled as (26 Â 1400) matrix since the data were taken over 1400 wavelengths for 26 different samples.
Beer-Lambert Law
The Beer-Lambert law (6) is considered the base of quantitative analysis in spectroscopy
where A i is the measured absorbance at wavelength i; " j,i is the sample's absorptivity of component j at i; b is the optical path length of the measurement; and c j is the concentration of component j. The summation in (6) is taken over the m components of each sample. However, the term product "j,ib, can be combined to produce the sensitivity coefficient kj,i, which represents the correlation between the concentration and absorbance. For m components and p wavelengths, the sensitivity matrix (K ) can be assembled as a (m Â p) matrix, which is basically the spectra of each pure component in each raw. After assembling the A, C, and K matrices, (6) can be defined in matrix notation as [12] A ¼ CK þ E
where E represents the error matrix (n Â p), which shows that noise, artifacts, or other kind of errors cannot be verified by the term CK and will be presented in the measured absorbance matrix A.
Pretreatment of the Recorded Spectra
In order to analyze the (Near-Infrared) NIR spectra pretreatment of the observed spectra is the first step and the key step for successful analysis. These techniques are essential to reduce, remove, or regulate unwanted effects on the spectra caused by physical properties of the samples or instrumental effects, such as light scattering, path length variations, and random noise. In this work, for NIR spectra only normalization and mean centering were enough to apply.
Reduction of Variables by Principal Component Analysis (PCA) and PCA Evaluation
PCA is a simple technique which is widely applicable in simplifying the structures having complex information. Its main objective is to calculate only the relevant information from the data sets having large number of interrelated variables by reducing the dimensions of the original spectra, data, etc. [4] . Hence, with the help of PCA one can reduce the dimensionality of the data while retaining as much information as possible in them.
In this work, PCA transformed the original measured spectral data obtained at different wavelengths in to Principal components (PCs) generated at new axes. The new variables (PCs) generated should consist of linear combinations of the original variables and the first new axis should be in the direction covering most variation. And every succeeding new variable should be orthogonal to preceding variables and should be in the direction covering most of the remaining variation.
Mathematically, the new variables (PCs) are produced by finding the eigenvectors of the variance matrix of the original variables (wavelengths). Then, use these eigenvectors as the weight vectors for constructing the variables. The analogous eigenvalues then indicate the amount of the original variance that has been enclosed by each new variable.
The PCA is used for qualitative analysis in which spectra are compared with beforehand known spectra then the difference or the resemblance of those spectra discloses information. If we observe A, we can predict C and K in (7)
where the hat notation indicates a prediction. This is done by first performing PCA, which results in an abstract mathematical transformation of (8) and yield the form (this transformation is done using advanced statistical procedures that are beyond the scope of this paper. See [6] for more details)
where T contains the scores in which the variables are linear combinations of the original variables in A. P is the loadings matrix, which is estimated by regressing A onto T . The residual matrix E is found by subtracting the estimatedT ÁP from A.
Simulation Model Using Finite Element Method Technique
To further get a better understanding of trends obtained above from the PCA analysis and Near infrared spectroscopy of solid contaminants in order to get absorption readings for the different samples of solid contaminants, a model based on finite element method was developed and assessed using Comsol Multiphysics (version 5.1) for similar conditions as the ones used in the experiments. The simulations performed on eight different samples which were attributed with similar chemical and physical properties of Iron (II) oxide. Similarly to the properties of actual solid contaminants, the particle size in the simulation was set to 1 micrometer, its weight to one microgram while the dielectric value was set as 13.1. NIR wavelength range was used in discrete jumps of 100 nanometers which ranged from 750 nm to 2000 nm. For each sample the electric field norm, for all the wavelengths was measured after the near infrared light hit the particle and electric field norm readings where noted down. The variable electric field norm E is defined by the expression ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi realdotðEx ; Ex Þ þ realdotðEy ; Ey Þ þ realdotðEz; EzÞ ð Þ p
Ex : electric field in x -direction Ey :
electric field in y -direction Ez:
electric field in z-direction where the operator realdotða; bÞ ¼ realða Ã conjðbÞÞ. 
FEM Simulation Results
The following images show the effect of the particle on the incoming near infrared light at 1050 nm for each of the 8 samples which contain one to 14 particles. Fig. 6 shows the NIR wave propagation (1050 nm) across the samples, while Fig. 7 shows the overall NIR spectrum for each of the 8 samples.
From the above two figures, it can be observed that with increase in the number of particles the graph shifts upwards and the electric field norm value also increases. It is also seen that for samples with only one layer of particles, the electric field norm is 0 as the wavelengths gets higher.
Experimental Results and Discussions
Microscope slides were used to prepare samples of solid contaminants, since they are known to not affect the NIR propagation. A total of 26 pure solid contaminants samples and an additional five samples comprising solid contaminants mixed sand were prepared. The samples were prepared for different weights ranging from 0.212 g to 0.313 g, while the quantity of sand (for the five additional samples) was kept constant. Fig. 8 shows two samples (sample 19 and 28, respectively) with a weight of 0.173 g and 0.313 g of solid contaminants respectively. Table 1 shows the weight of different samples used in the experiment.
In order to accurately weigh the concentration of the solid contaminants, a weighing scale operating in the microgram scale was used. During the experiments, the samples were consistently placed right above the NIR source. This helped minimizing the scattering of light and increasing the intensity of light received by the receiving optical fiber after the light has passed through the solid contaminant sample. Fig. 9 summarizes the overall results. It could be TABLE 1 Weights of different samples used in the experiment observed that overall the NIR ranges, the spectrum moves upward with the increase of the concentration of solid contaminants with a sensitivity of sub-mg scale. Sample 1 with lowest mass is seen to have the lowest optical density value. Hence, the optical density increases with increase in the concentration of solid contaminants, i.e. the optical density is directly proportional to the concentration of solid contaminants. It could also be observed the existence of peaks at around 900 nm and 2400 nm due to the same composition of solid contaminants over all the 16 samples.
PCA Results With and Without Sand Particles
The detailed PCA study was carried out on solid contaminants sample with and without sand particles.
The PCA results graph (see Fig. 10 ) without sand particles representing approximately 99% of the data. The samples with lower solid contaminants concentrations are represented in the bottom half of the graph. This can be seen as sample 4, which has the lowest solid contaminants mass of 0.009 g, is located in the lowest position in the graph. It is seen that as the solid contaminants mass increases the samples positions in the graph also increases, i.e. higher the mass of the solid contaminants higher the position in the PCA graph. Sample 22, which has the highest solid contaminants mass of 0.313 g, is located at the highest position in the graph.
From the discussions in the absorption trends sections, it was concluded that the optical density (absorption) is directly proportional to the concentration of the solid contaminants.
The PCA graph below (see Fig. 11 ) represents the results with the 5 additional samples which were mixed with sand. It can be seen that the samples 31 and 27 which have the same solid contaminants concentration as samples 22 and 26 have moved to the left of the graph. The other three mixed samples 28, 29 and 30 which have same solid contaminants concentration as 3, 5 and 6 respectively show a similar shift to the left in the graph, but are located in the cluster of points in the lower portion of the graph and therefore difficult to locate.
Discussions
The lack of dedicated NIR simulation software prompted us to develop a NIR model using Comsol Multiphysics software (electromagnetic package). The purpose of the study was to provide a theoretical foundation on the experimental results and to predict the results for a Fig. 9 . NIR spectra for different concentrations of solid contaminants (i.e., black powder). wider scenarios such as flowing solid contaminants and more complex composition of solid contaminants. Even though the NIR spectrums obtained from the FEM simulations and experiments were not totally matching, it can be observed from Figs. 7 and 9 that both studies exhibited an upward trend of the spectrum with the increase of the concentration of solid contaminants.
Hence, the results of FEM simulations shown in Fig. 7 , indicate that Sample 1, which has only one particle, is seen to have the lowest position, while sample 8, which has 14 particles, is seen to have the highest position. This is similar to our trend observed in both the absorption trends and PCA analysis where it was found that the higher the solid contaminants concentration of the sample is, the higher is the optical density and position of the sample. Therefore both optical density and electric field norm are directly proportional to the concentration of solid contaminants. For the Samples 1, 2 and 5 (see Fig. 7 ) which have only one layer of particles as compared to the other sample, it is seen that the electric field norm is 0 as the wavelengths gets higher, for example, the spectrum corresponding to sample 1 reaches at 0 at 1050 nm, while the ones corresponding to sample 2 and 5 reach 0 at 1350 nm and 1750 nm, respectively. That is all the NIR light at higher wavelengths is being reflected for samples with only one layer.
Conclusion
The main objective of this paper is to demonstrate the performance of a new NIR-based probe which has been designed to accurately detect the amount of solid contaminants present in the gas pipeline for effective removal of solid contaminants from the gas pipelines. The difficulty being addressed while designing the probe was to deal with the detection of very small quantities of solid contaminants, the weight of which does not exceed sub mg, in addition to the fact the solid contaminants can also be mixed with sand particles, especially in desert-based gas fields and that the device should be intrinsically safe since high concentration of H2S particles are also available. The suggested probe consists of a ring of NIR sources and receivers evenly distributed across its cross-section. Multimode optical fibers along with collimating lens were attached to the NIR source of lights and receivers. The obtained data is processed by the PCA for dimension reduction and to keep only the significant data of the spectrum. Extensive experiments were conducted on various samples of sub gram weights and which consist of either pure solid contaminants or sand mixed with solid contaminants. The results indicate the capability of the probe to discriminate between samples at sub-mg scale, in addition to its capability to discriminate between pure solid contaminants and sand. Hence, a PCA analysis of solid contaminants with sand showed an upward-right shift of the samples in the PCA graph. A similar trend was also obtained with FEM simulation using Comsol Multiphysics software. The above discussions lead to claim the capability of this technology to measure solid contaminants in gas pipeline with high sensitivity.
